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Abstract
Effect of uniaxially-deformed aerogel on orientation of the order
parameter of superfluid 3He is considered. Approach used [1] takes
into account correlations in positions of particles forming aerogel. Cal-
culations show that for the case of the B-like phase in the uniaxially-
stretched aerogel deformation on the order of 10−2 ÷ 10−4 is already
strong enough to achieve orientation of the order parameter which is
different from that required by magnetic field in bulk liquid. For the
A-like phase in uniaxially-squeezed aerogel the order of magnitude of
the orientational effect is estimated. It is shown that the correlations
in positions of particles forming aerogel has stronger effect on the ori-
entation of the order parameter than on the transition temperature.
Superfluid 3He is a convenient system for investigation of the effect of
impurities on formation and orientation of the order parameter. Interaction
between aerogel and the order parameter of 3He can be revealed in suppres-
sion of the superfluid transition temperature, as well as in possible changing
of a form of the order parameter and spatial orientation of the order param-
eter. The first attempts to evaluate the effect of the anisotropy of aerogel
on the orientation of the order parameter were based on the Homogeneous
Scattering Model (HSM) Ref.[2], which is a generalization of the Abrikosov-
Gor’kov theory of superconducting alloys for the case of p-wave pairing. But
this theory does not take into account correlations in positions of particles
forming aerogel. Recently I.A. Fomin has shown, that such correlations can
play an important role effecting on the transition temperature to the super-
fluid state Ref.[1]. In the present paper the effect of uniaxially deformed
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aerogel on the orientation of the order parameter is considered within the
same approach.
In what follows we restrict our consideration to a temperature region in
the vicinity of the bulk transition temperature Tb . In this region for our
purposes one can use linearized Ginzburg and Landau equation. Linearized
Ginzburg and Landau equation in momentum representation in the notations
of Ref.[1] can be written in the following form:
(
τδjl − 3
5
ξ2sk
2(δjl + 2kjkl)
)
aµl(k) =
∫
aµl(q)ηjl(k− q) d
3q
(2pi)3
, (1)
Aµj(r) =
∫
aµj(q) exp(−iqr) d
3q
(2pi)3
, ηjl(r) =
∫
ηjl(q)
d3q
(2pi)3
where τ = T−Tb
Tb
, Aµj - 3 × 3 complex matrix, corresponding to the or-
der parameter in the case of p-wave pairing, ηjl(r) - real symmetric tensor,
which characterizes interaction between impurities and the order parameter.
The form of the tensor ηjl(r) depends on a structure of aerogel and a type
of quasiparticle scattering by aerogel particles. We assume here, that aero-
gel consists of spheres with uniform radii ρ , distributed with an averaged
density n . For simplicity the type of scattering is chosen to be diffusive.
Assuming low concentration of impurities and using the Rainer and Vuorio
theory of small objects in superfluid 3He one can find the tensor ηjl(r) to
be:
ηjl(r) =
∑
s
η1jl(r− rs), (2)
where s - number of impurity,
η1jl(r) = −
ρ2
r2
νjνl ln
[
tanh
(
r
2ξ0
)]
. (3)
As it was shown in Ref.[1], for the natural parameters of aerogel and super-
fluid 3He the rhs of (1) can be treated as perturbation.
In order to find orientational correction to the free-energy one has to
solve the problem of eigenvalues of Eq. (1). In the absence of perturbation
the eigenvalues of Eq. (1) are degenerate, i.e single temperature transition
corresponds to different orbital components of the order parameter (different
orientations of the order parameter). Nominally isotropic aerogel produces
isotropic perturbation. This situation was considered in Ref.[1]. In the case
of such isotropic perturbation the eigenvalues of Ginzburg and Landau equa-
tion remain degenerate. In the presence of anisotropic perturbation induced
by uniaxially deformed aerogel this degeneracy is partly lifted. Solution of
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Figure 1:
the secular equation of perturbation theory yields corrections to the transi-
tion temperature, which correspond to ”longitudinal” (along the direction
of deformation) and ”transverse” transition temperatures. Therefore a term
with a tensor of transition temperature appears in the free-energy. The di-
agonal terms of this tensor are given by solution of the secular equation.
After separation of isotropic and anisotropic contributions to the transition
temperature orientational term in the free-energy can be expressed in a form:
τajlAµjA
∗
µl, (4)
τall = 0. Below the method of Green’s functions is used.
The Green’s function tensor of Eq. (1), averaged over all realizations of
the potential ηjl(r) , has the form:
〈Gjl(τ,k,k′)〉 = (2pi)3δ(k− k′)
[(
G
(0)
jl (τ,k)
)−1 − 〈Σjl(τ,k)〉
]−1
, (5)
where (
G
(0)
jl (τ,k)
)−1
= τδjl − 3
5
ξ2sk
2(δjl + 2kjkl), (6)
is the unperturbed Green’s function tensor and the tensor of the Self-energy
part is shown diagrammatically on the Fig.1. Arrows on the figure represent
the unperturbed Green’s function tensor, and wavy lines correspond to the
impurity potential:
ηjl(k− k′) = η1jl(k− k
′
)
∑
s
ei(k−k
′
)rs . (7)
Integration is made over momenta of internal lines. It is significant that
the expression (5) differs from the corresponding expression of Ref.[1] in the
way that it is not proportional to δjl , but it has more complicated tensor
structure.
The eigenvalues of Eq. (1) are determined by the poles of Green’s func-
tion, which are found from the secular equation:
det
(
δjl · τ − 3
5
ξ2sk
2(δjl + 2kjkl)− Σjl(k)
)
k→0
= 0. (8)
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Here the limit k → 0 corresponds to the ”mobility edge” Ref. [1].
The first order correction to the Self-energy part comes from the first
term of series Fig.1. Averaging over coordinates of particles renders:
τ
(1)
ba =
1
3
η
(1)
ll (k→ 0)n =
pi2
4
ξ0
ltr
, (9)
where ltr - mean free path, ξ0 - coherence length of superfluid
3He .
The effect that we are interested in appears starting from the second order
correction:
Σ
(2)
jl (k) =
∫
η
(1)
jm(k− k1)η(1)ln (k1 − k)n〈
∑
t
ei(k1−k)rst〉G(0)mn(τ = 0,k1)
d3k1
(2pi)3
,
(10)
where averaged sum
〈∑
t
ei(k1−k)rst〉 = S(k1 − k), (11)
equals by definition to the structure factor of aerogel, which characterizes
correlations in positions of particles forming aerogel. The structure factor
can be expressed in terms of the pair correlation function via Fourier trans-
formation:
S(k) = n
∫
C(r)eikrd3r. (12)
In accordance with the general rules of perturbation theory one substitutes
in (10) the unperturbed Green’s function, what is made by implying the
condition τ = 0 .
Deformation of aerogel changes its structure factor. It is assumed here
that non-deformed aerogel is isotropic. As a result its structure factor does
not depend on the direction of wave-vector k . Aerogel has several typical
lengthscales. On the scales greater than several thousands A˚ aerogel is
homogeneous. There is also an interval of scales where aerogel reveals its
fractal structure. It means, that in the corresponding interval of distances
ρ < r < R its pair correlation function has fractal behavior:
C(r) = A(R/r)3−D, (13)
where D - the fractal dimension of aerogel, R - the correlation radius of
aerogel, i.e. distance whereon correlation between particles decreases. In
order to provide smooth decreasing of correlation function on the distances
of correlation radius C(r) is replaced by the following model correlation
function:
C(r) −→ C(r) exp(−r/R). (14)
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Figure 2:
Dependence of the X-ray scattered intensity I(q, φ = θ+ pi
2
) on the momen-
tum transfer, q , for two values of the angle θ . The curves have been offset
vertically for clarity, otherwise the data points would coincide at high q .
Ref.[5]
The coefficient A in (13), (14) is found from normalization condition Ref.[1].
It is significant that the structure factor can be directly measured in the small
angle X-ray scattering measurements. The results of such measurements for
an uniaxially deformed aerogel are represented in Ref.[5]. As it was shown
by the authors of Ref.[5] the results of their measurements can be fitted if
the assumption is made that the fractal dimension of aerogel is not changed
by the deformation and the correlation radius gains the following angular
dependence (fig.2):
R(θ) = R0 + r1 cos(2θ), (15)
where R0 - the correlation radius before deformation, θ - the angle between
deformation axis and chosen direction. Amplitude of changing of correlation
radius can be expressed via macroscopic parameters characterizing strain of
aerogel:
r1
R0
=
1
2
(1− ν)α∆l
l0
, (16)
here ∆l
l0
relative change of aerogel length, ν - the macroscopic Poisson ratio,
( ν ≈ 0.2 ÷ 0.3 ), α - the coefficient of transmission of macroscopic strain
down to the level of correlation length. It was found that α approximately
equals to 3.
Substitution of the new structure factor into (10) yields the anisotropic
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correction to the Self-energy part. Its principal order contribution arises
from angular dependence of the correlation radius and k-dependence of the
unperturbed Green’s function. For the anisotropic part of the Self-energy
function in the second order correction one arrives at:
Σ
(2)a
jl ≈ 0.35
(
pi
3
)4 3−D
D − 1
R0 · r1
l2tr


1 0 0
0 1 0
0 0 −2

 . (17)
The third order correction has the form:
Σ
(3)
jl = n
(
η(1)(0)
)3 ∫ d3k1
(2pi)3
d3k2
(2pi)3
G
(0)
jm(k1)G
(0)
lm(k2)〈
∑
t,u
eik1rsteik2rsu〉 (18)
According to Ref.[1] it can be calculated with the assumption that:
〈∑
t,u
eik1rsteik2rus〉 = S(k1)S(k2). (19)
If the same assumption is made for the high order corrections, sum of se-
ries, which forms geometric progression, can be found. In particular for the
anisotropic part of the Self-energy one has:
τajl = Σ
a
jl ≈ 0.35
(
pi
3
)4 3−D
D − 1
R · r1
l2tr
1(
1 + 25
27
pi2
2
R2
ξ0ltr
1
D−1
)2


1 0 0
0 1 0
0 0 −2

 .
(20)
As it is seen from the final formula in the case when ξ0 ≫ R HSM can
be used. In the opposite case correlations play an important role in the
orientational effect.
Let us first consider the orientational effect of the anisotropic aerogel on
the order parameter of the B-like phase. In the absence of magnetic field the
order parameter of the B-like phase is isotropic and no orientational effect
is expected. But situation changes in the presence of a magnetic field. The
order parameter of the B-like phase in magnetic field has the form [6]:
Aµj =
eiφ√
3
(
∆⊥Rµj + (∆‖ −∆⊥)Rνj hˆνhˆµ
)
, (21)
the rotation matrix Rµj(nˆ, θ) is characterized by a rotation axis nˆ and
the rotation angle θL = arccos(−14
∆‖
∆⊥
) , which is found from minimization
of dipole energy, hˆ is the direction of magnetic field. Orientation of nˆ is
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In the absence of aerogel
stretching
In the presence of the stretched
aerogel in the direction of magnetic field
Figure 3:
Changing in orientation of vectors nˆ and lˆ in the presence of uniaxially-
stretched aerogel.
induced by magnetic field and dipole forces. The corresponding term in the
free energy equals to:
∆FBH = λDNF
(
∆‖ −∆⊥
)
∆⊥(nˆ · hˆ)2. (22)
At the same time globally anisotropic aerogel induces orientation of the or-
bital part of the order parameter. Substitution of (21) into (4) gives:
∆FBa =
1
3
NF
(
∆2‖ −∆2⊥
)
RµjRνlhµhντ
a
jl ≈
2
3
(
∆‖ −∆⊥
)
∆⊥Σ
a
xx(1− 3l2z),
(23)
here the orbital vector
lj = RˆµjSµ, (24)
is introduced, Sµ - the spin vector. Let us compare orientational energies
for the case of uniaxially stretched aerogel in the direction of the magnetic
field. In the absence of anisotropy vectors nˆ lˆ and sˆ are directed along the
magnetic field fig.3. When aerogel is stretched vector lˆ tends to turn in the
direction perpendicular to the magnetic field. To realize this it is needed to
turn vector nˆ . Taking into account the minimum of dipole energy solutions
of Eq. (24) for a given configuration of vectors nˆ lˆ and sˆ always exist. The
new configuration starts to form when:
∆FBa ∼ ∆FBH . (25)
Estimations made for the whole interval of parameters characterizing aerogel
and superfluid 3He , D = 1.6÷ 1.9 , R ∼ 200÷ 1400 A˚ , ξ0 ∼ 170÷ 300 A˚ ,
ltr ≈ 1400 A˚ show that deformation on the order of
γmin ∼ 5 · (10−3 ÷ 10−4) (26)
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is already strong enough to achieve orientation of the order parameter which
is different from that required by the magnetic field in bulk liquid.
Estimation of the strength of the orientational effect in the A-like phase
can be made in a similar way. For clarity we assume that aerogel is uniaxially
squeezed. As it was shown in Ref.[7], [8] the order parameter of the A-like
phase in the case of uniaxially-squeezed aerogel has the form of the bulk A-
phase. Consequently the order parameter of the A-like phase can be written
in the form:
Aµj =
1√
2
dµ(mj + inj), (27)
where vector dˆ corresponds to the spin part of the order parameter, and
vector l = [m,n] is its orbital part. In the absence of squeezed aerogel
magnetic field and dipole forces orient vector lˆ perpendicular to the magnetic
field:
∆FAH =
1
2
∆χ(dˆ ·H)2, (28)
∆fD = −2
5
λDNF∆
2
0(dˆ · lˆ)2. (29)
However, as in the case 3He − B aerogel can orient the orbital part of the
order parameter:
∆FAa = −NF
∆2
2
Σaxx(1− 3l2z). (30)
Comparison of ∆FAa with ∆F
A
H can be used for estimation of the strength
of the orientational effect. Calculations show that for the melting pressure
magnetic field corresponding to one percent squeezing approximately equals
to 80G.
Comparison of Eqns. (23), (30) with the analogous formula from Ref.[2]
shows that correlations can significantly decrease effect of anisotropy (on the
order of 10). Let us note also that the effect of correlations on orientation
of the order parameter is stronger than the similar effect on the transition
temperature.
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